By using sequencing technology to genotype loci of forensic interest it is possible to simultaneously target autosomal, X and Y STRs as well as identity, ancestry and phenotypic informative SNPs, resulting in a breadth of data obtained from a single run that is considerable when compared to that generated with standard technologies. It is important however that this information aligns with the genotype data currently obtained using commercially available kits for CE-based investigations such that results are compatible with existing databases and hence can be of use to the forensic community. In this work, 400 samples were typed using commercially available STR kits and CE, as well as using the Ilumina ForenSeq™ DNA Signature Prep Kit and MiSeq® FGx to assess concordance of autosomal STRs and population variability. Results show a concordance rate between the two technologies exceeding 99.98% while numerous novel sequence based alleles are described. In order to make use of the sequence variation observed, sequence specific allele frequencies were generated for White British and British Chinese populations.
Introduction
Since the 1990's, human identification in forensic genetics has relied almost exclusively on the use of multiplex autosomal short tandem repeats (STRs) and capillary electrophoresis (CE) [1] . In recent years, massively parallel sequencing (MPS, also referred to as next generation sequencing or NGS) has emerged as the technique of choice to overcome some of the limitations of CE-based approaches. For example, with CE, the number of markers that can be analysed simultaneously is limited by size-based separation and fluorescent dye detection restrictions, and therefore PCR amplicons must be designed in a way that ensure they can be distinguished from one another. As a result of this, most commercial assays target amplicons that range between 80 and 500 bp [2] [3] [4] .
The ability to simultaneously target many shorter amplicons is of benefit when analysing degraded samples, as it increases both the chance of obtaining information from fragmented material and the power of discrimination when attempting to identify a sample. This power of discrimination is also improved through the increased number of alleles observed using MPS, where sequence information can be used to differentiate alleles of the same size but differing in sequence [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Before MPS can be implemented into routine casework, the back compatibility of the method against currently used CE-based techniques must be checked in order to ensure the ongoing utility of currently available offender databases. New frequency databases must also be generated to make use of the sequence-variant alleles observed.
In this study, genotypes obtained using a traditional autosomal STR kit and CE were compared to MPS results for 400 samples. The Ilumina ForenSeq™ DNA Signature Prep Kit (Illumina, San Diego, CA) targets 27 autosomal STRs, 7 X-STRs, 24 Y-STRs and 94 Single Nucleotide Polymorphisms (SNPs) simultaneously, and its performance has been evaluated in several publications [15] [16] [17] [18] [19] . The MiSeq® FGx was used to generate autosomal STR sequence frequencies for two UK-relevant population groups (White British, n=200 and British Chinese, n=200), which were subsequently checked against genotypes obtained using size-based methods alone. All sequence-based alleles, once characterized, were compared to previous publications and online databases [11] [12] [13] [14] [19] [20] [21] [22] [23] [24] [25] to identify novel variants.
Materials and methods

SAMPLES
Buccal swab extracts from 400 unrelated individuals that had previously been analysed using commercially available STR kits and CE were chosen for the study. Individuals gave informed consent for their DNA to be used for research purposes and ethical approval for this work was granted by the King's BDM research ethics subcommittee (HR-16/17-2594). DNA had been previously extracted using either Chelex (Sigma-Aldrich, St Louis, USA) or the DNA Investigator Kit (Qiagen, Heidelberg, Germany).
LIBRARY PREPARATION AND SEQUENCING
The Illumina ForenSeq™ DNA Signature Prep Kit [26] was used to prepare the samples for sequencing. An initial two-step PCR reaction was performed to amplify and tag the regions of interest, followed by purification and normalization of the libraries. Primer mix A was used for the first PCR reaction, which contains primers for identity markers including 27 autosomal STRs. A negative and positive amplification control were processed with each run, resulting in a total of 94 samples that could be prepared in one 96-well plate simultaneously. The libraries were prepared according to manufacturer's instruction [26] .
The libraries were pooled in batches of 96 and denatured before being loaded into a MiSeq® FGx Reagent Cartridge. The only protocol modification implemented was to increase the volume of pooled libraries from 7 µl to 12 µl. This volume was decided based on internal laboratory validation data, and has been shown to yield better results than the recommended input amount. Denatured human sequencing control (HSC) was added to the pooled libraries, before dilution and loading into the appropriate well in the cartridge.
The cartridge containing the libraries and sequencing reagents was loaded onto the MiSeq® FGx instrument alongside a flowcell and incorporation buffer according to standard protocol [27].
CONCORDANCE TESTING
Investigations were performed on the same samples using the STR markers contained within the GlobalFiler® Express kit (Applied Biosystems, Foster City, USA) as per manufacturer's guidelines [2] . 1ng input DNA was used for amplification, and injection was performed at 1.2 kV for 23 seconds on the AB Prism 3130xl Genetic Analyzer (Applied Biosystems) for separation and detection of autosomal STR loci. A detection threshold of 50 relative fluorescence units (RFU) was imposed during data analysis using GeneMapper®ID v3.2 software (Applied Biosystems).
ADDITIONAL SEQUENCING
In order to investigate the cause of a null allele at the D5S818 locus, new primers were designed outside the range of the ForenSeq™ amplicon (D5S818-1: tcccatctggatagtggacct, D5S818-2: gcttctaattaaagtggtgtccca). PCR was carried out using the KAPA Multiplex PCR Mix (Kapa Biosystems, Wilmington, USA) with a final primer concentration of 0.3 µM, the addition of 1 ng of genomic template DNA and cycling conditions consisting of 94°C for 3 minutes followed by 28 cycles of 94°C for 20 seconds/ 58°C for 30 seconds/ 72°C for 60 seconds, with a final extension of 72°C for 3 minutes. PCR products were sequenced on the MiSeq® FGx in RUO mode, using a MiSeq v2 300 cycle (Illumina) cartridge following library preparation with the KAPA Hyper Prep Kit for Illumina Platforms (Roche, Basel, Switzerland) according to manufacturer's guidelines, using TruSeq indexes (Illumina).
UNIVERSAL ANALYSIS SOFTWARE
The ForenSeq™ Universal Analysis Software (UAS) was used to create a sample sheet containing the necessary information for demultiplexing the samples based on their index combination, and for subsequent analyses [28] . The software calls alleles based on read counts, and makes use of an analytical and interpretation threshold, which are determined as a percentage of the total number of reads per locus. The thresholds used were 1.5% and 4.5% for the analytical and interpretation thresholds, respectively, taken from the developmental validation conducted by Illumina [29] . The software also contains lower limits for both thresholds of 10 and 30 reads. For the purpose of this study, and as samples were all known to be single-source, all alleles above the analytical threshold were manually called and also used for concordance and allele frequencies. Once all results were analysed in UAS, sample details including allele calls and sequences were exported in Microsoft Office Excel format.
DATA ANALYSIS
Length based allele calls from UAS for 20 autosomal loci and Amelogenin were compared to CE results using in-house Microsoft Office Excel workbooks, and any discordant results were recorded and taken for further analysis. Excel was also used to calculate allele frequencies for both population groups. Where necessary, raw data was re-analysed by exporting the FASTQ files, aligning to a bespoke reference genome containing the STR reference sequence of interest using the mem algorithm within BWA (http://bio-bwa.sourceforge.net/), and visualised using the Integrative Genomics Viewer (IGV) [30] . Discordance was defined as any instance where an allele observed using one technique was not observed with the other. Exceptions were made in the case of heterozygote alleles, where one allele was seen below threshold and the other had dropped out. Here, the discrepancy was attributed to drop out rather than discordance between kits.
IDENTIFICATION OF SEQUENCE VARIANTS
Allelic sequence variants for autosomal STRs were detected using Excel workbooks, and characterised using nomenclature described in the literature [13, 19] , and following ISFG recommendations where possible [31] . Each allele was designated using the default output from UAS and therefore limited reported flanking region information was used, as well as the strand direction utilised by the software. For the following markers, a small amount of flanking region sequence directly adjacent to the repeat region is reported: D13S317, D18S51, D19S433, D1S1656, D5S818, D7S820, vWA.
ALLELE FREQUENCIES
Allele frequencies are given in Table 1 . Arlequin software was used to check for non-random association of alleles by testing whether genotypes for each STR marker conformed to Hardy-Weinberg equilibrium (HWE) [32] , applying a Bonferroni correction for multiple comparisons (see supplementary materials).
Results and discussion
ALLELES OBTAINED BY SEQUENCE
The number of individual alleles obtained by length was compared to those obtained by sequence, as shown in Figure 1 . Samples were split according to population groups (White British, n= 200 and British Chinese, n=200) as variation in marker discrimination is expected between groups. All sequence-based alleles were characterized and are reported in Table 1 . Where an allele has not previously been observed [11] [12] [13] [14] [19] [20] [21] [22] [23] [24] [25] , it is highlighted in red and in bold. D12S391 is the most highly polymorphic autosomal STR within the group of markers studied in this work, as demonstrated in Figure 1 and Table 1 ; 48 additional alleles were seen using sequencing compared to size-based separation (across both population groups).
Eight out of the twenty-seven autosomal loci targeted showed no gain in the number of alleles seen using sequence information (Penta D, Penta E, D22S1045, D16S539, TPOX, TH01, D10S1248, and D19S433). These results differ slightly from the results published by Gettings et. al. [12] , where increased variation was seen at D10S1248, Penta E, and D19S433, although no sequence variation was observed in their study at D7S820 and D13S317. Novroski et. al. [13] reported sequence variation at all autosomal loci except TPOX. This is likely due to the number of samples and different populations investigated. Initial characterisation of alleles in other population groups has revealed variation at Penta E and D19S433 for example. Three loci showed sequence variation in the British Chinese population which was not observed in the White British samples (D7S820, D17S1301 and D20S482), and one locus showed variation only in the White British population (D18S51). This data identifies specific mutations causing sequence variation restricted within a population group.
The limited flanking region information reported by the software increased the diversity of alleles observed at two markers. Alleles characterized for D13S317 include both repeat region variants and flanking region variants, whereas all variation seen at D5S818 was found within the flanking region (Table 1) .
AUTOSOMAL STR FREQUENCIES
The frequencies for each sequence-based allele across the two population groups studied are given in Table 1 
LOCI OF PARTICULAR INTEREST
During the characterisation of unique alleles observed in this study, several interesting sequence variants were found. These alleles are described below, and the corresponding sequences given in Table 2. 1. CSF1PO is one of the markers in the ForenSeq™ set that shows very limited sequence diversity. Across the 800 CSF1PO alleles characterised in this study, there was only one instance where the sequence diverged from the [AGAT] n motif. This sequence variation at allele 12 differs to any reported by Gettings et. al., who also observed limited variation at this locus [12] . The only other reported instance of this sequence motif was published by Novroski et. al. [13] , who also only recorded one count at an allele 12, within the same population group as that observed in this study.
2. One novel variant was observed at D18S51, a locus which exhibits limited sequence variation. Although a size-based 18.1 allele has been seen before, no sequence information is available in the literature [22] . The common repeat motif for D18S51 is [AGAA] n . The divergence at this allele would suggest either a duplication into an allele 14, or an insertion into an allele 15. This theory is supported by the flanking region sequences, where the same sequence is observed. Here, the availability of flanking region sequences in the software output enables an interpretation to be made regarding the allele designation.
3. The utility of flanking region information is also demonstrated at D7S820, where a 9.2 allele was observed which is composed of 10 tetra-nucleotide repeats within its repeat region. The two bases underlined in the flanking region show the deletion at this allele. Looking at the repeat region sequence alone in this case would not match to the size-based allele and would therefore be discordant with CE result. 10 GACA GATT GA--GTTT Table 2 : Interesting alleles described in section 3.3. The proposed insertion/duplication at D18S51 is highlighted in bold, whilst the deletion at D7S820 is shown as GA--.
CONCORDANCE OF AUTOSOMAL STRS WITH CE
Due to instances of dropout, 800 alleles were not always typed for each marker targeted (Table 3 ). Allelic dropout rates of 14% and 28% were observed at D1S1656 and D22S1045, respectively. In the case of D22S1045, heterozygote imbalance has been seen by the manufacturer, and a note about interpretation of homozygous genotypes is included in the protocol [28] . For all other markers exhibiting drop out, either both alleles were not typed, or a single allele was seen under the interpretation threshold. The majority of D1S1656 allelic drop out occurred for samples analysed on one run where sequence clustering was sub-optimal (although still within the manufacturer's recommended specifications), and this marker was found to underperform in these circumstances. For any marker where 800 alleles were not typed (D12S391, D13S317, D18S51, D19S433, D1S1656, D22S1045 and vWA), the sequence-based allele frequencies were adjusted as described in the supplementary materials. Discrepancies were found in 2 samples, where the genotypes obtained using the MiSeq FGx were not concordant with results obtained using the CE-based kit. In one case, a sample presented with a 7 allele at D7S820, despite it being genotyped as a 6.3 with several CE-based methods [2] [3] [4] . Here, raw data was re-analysed in order to look at the flanking regions for this allele. The discrepancy was determined to be due to a rare deletion (rs540346880) found in the flanking region of the 7 allele (Figure 2 ) [21, 33] . This variant has been described in the literature, with a frequency of less than 0.01% in a Caucasian population [34] . In the case of the CE-based method, the deletion would have caused the amplicon to be 1 base pair shorter than expected, hence the resulting 6.3 genotype. This issue raises a question regarding whether flanking region information should be reported for all markers, to facilitate a nomenclature that offers full back-compatibility with CE-based methods. The second discrepancy was found in a sample reported by UAS as a homozygous 11 genotype at D5S818, whereas a heterozygous 9, 11 genotype was observed using the CE-based kit. Custom primers described in section 2.4. were used to sequence a larger amplicon containing the primer binding regions, and the null allele was found to be caused by a SNP in the reverse primer binding site. The sequence of this null 9 allele is shown in Figure 3 , with the base change generating the null allele highlighted in red. This mutation does not have an assigned RS number, and is therefore assumed to be rare. Due to the presence of this null allele, the sample was removed from frequency calculations for this marker. Across a total of 16453 allele comparisons, 2 discrepancies were observed, producing a concordance rate exceeding 99.98%. This value is comparable to that observed when comparing CE-based kits [35] , and suggests that the ForenSeq™ system is compatible with current technologies.
Conclusions and future work
This study demonstrates that data generated using massively parallel sequencing is concordant with current size-based separation techniques to the same degree that CE kits are concordant with each other. It is vital that the forensic community is able to continue using databases generated using CE, and these results confirm that it is possible to compare profiles generated using the two technologies with confidence. Significant sequence variation was seen within a number of autosomal STR markers, with only a minority showing no increased discrimination when comparing sequenced based alleles with length based alleles. This sequence variation will be particularly useful when approaching mixture deconvolution, due to the increased heterozygosity seen at some of these loci. In this work, flanking region sequences were only considered in the context of a discordance event, but it is also likely that additional variation is present within these flanking regions, and future work will focus on exploring this. In order to make use of the additional alleles observed through sequencing, new population frequency data is necessary. This study describes several novel sequence variants, and population data for White British and British Chinese populations are now available as a result of this work. Population-based databases for these alleles are essential, and further work should continue to investigate sequence variation across different populations.
ATAAAGGGTATGATAGAACACTTGTCATAGTTTAGAACGAACTAACGA TAGATAGATAGATAGATAGATAGATAGACAGATTGATAGTTTTTTTTA ATCTCACTAAATAGTCTATAGTAAACATTTAATTACCAATATTTGGTG
A Deletion Repeat sequence TGATTTTCCTCTTTGGTATCCTTACGTAATATTTTGAAGATAGATAGAT AGATAGATAGATAGATAGATAGATAGAGGTATAAATAAGGATACACA TAAAGATACAAATGTTGT C SNP Repeat sequence
